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a b s t r a c t 

Communities face a challenge when implementing onsite reuse of collected waters for non-potable purposes 

given the lack of national microbial standards. Quantitative Microbial Risk Assessment (QMRA) can be used to 

predict the pathogen risks associated with the non-potable reuse of onsite-collected waters; the present work 

reviewed the relevant QMRA literature to prioritize knowledge gaps and identify health-protective pathogen 

treatment reduction targets. The review indicated that ingestion of untreated, onsite-collected graywater, 

rainwater, seepage water and stormwater from a variety of exposure routes resulted in gastrointestinal in- 

fection risks greater than the traditional acceptable level of risk. We found no QMRAs that estimated the 

pathogen risks associated with onsite, non-potable reuse of blackwater. Pathogen treatment reduction targets 

for non-potable, onsite reuse that included a suite of reference pathogens (i.e., including relevant bacterial, 

protozoan, and viral hazards) were limited to graywater (for a limited set of domestic uses) and stormwater 

(for domestic and municipal uses). These treatment reductions corresponded with the health benchmark of 

a probability of infection or illness of 10 −3 per person per year or less. The pathogen treatment reduction 

targets varied depending on the target health benchmark, reference pathogen, source water, and water reuse 

application. Overall, there remains a need for pathogen reduction targets that are health-protective for non- 

potable reuse of onsite-collected waters. Also, future QMRA efforts should evaluate the importance of factors 

that are often overlooked such as the collection scale, sporadic pathogen occurrence, and possibly exposures 

resulting from misuse or failure events. 

© 2015 Elsevier B.V. All rights reserved. 
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ntroduction 

Decentralized approaches to the reuse of alternative waters for

on-potable purposes are of increasing interest in water-stressed re-

ions to reduce pressure on drinking water supplies, as exemplified

y the city of San Francisco’s active program in non-potable water

euse ( San Francisco Public Utilities Commision 2015 ). The onsite

euse of alternative water involves the collection, treatment, redis-

ribution and reuse of water at different scales from an individual

uilding to a district. For domestic and municipal purposes, poten-

ial sources of water for onsite treatment and reuse include: 

• Graywater : wastewater from bathtubs, showers, bathroom sinks,

and clothes washing machines, excluding toilet and—in most

cases—dishwasher and kitchen sink wastewaters; 
• Blackwater : wastewater from toilets and sometimes including

kitchen sink wastes; 
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• Rainwater : precipitation collected from roof surfaces or other

above ground collection surfaces; 
• Stormwater : precipitation collected from the ground level; and 

• Seepage water: precipitation that has passed through soil. 

These waters contain both chemical and microbial contaminants

hat can result in a range of human health outcomes when ingested,

nhaled, or absorbed through the skin ( Chapman et al. 2008; Deere

t al. 2006; McBride et al. 2013 ). Communities face a challenge when

mplementing onsite reuse for non-potable purposes given the lack of

ational microbial standards. NSF/ANSI Standard 350 for non-potable

nsite reuse of graywater recommends the monitoring of fecal indi-

ators to test for acceptable finished water quality ( NSF International

015 ). However, the lack of a relationship between fecal indicators

nd human-infectious pathogens in graywaters, as well as rainwaters,

emains a major problem when relying on fecal indicators to indicate

nished water quality and potential human health risk ( Ahmed et al.

011; Ahmed et al. 2010a; O’Toole et al. 2012 ). 

Quantitative Microbial Risk Assessment (QMRA) is a scientific

pproach that calculates the potential human health risk resulting

rom exposure to microbial hazards (e.g., human pathogenic viruses,

http://dx.doi.org/10.1016/j.mran.2015.10.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mran
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mran.2015.10.001&domain=pdf
mailto:mschoen@sollerenvironmental.com
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protozoa, and bacteria) ( Haas et al. 1999 ). A limited number of QMRAs

predicted the potential health risk associated with onsite reuse appli-

cations (see the literature review summary in the Results for a full list

of studies). These QMRAs followed the traditional steps in a forward

process: problem formation, exposure assessment, dose-response as-

sessment, and risk characterization ( Haas et al. 1999 ). In a forward

QMRA process, reference hazards are selected for the exposure sce-

nario of interest in the problem formation step; reference hazards

represent classes of pathogens with potential adverse health impacts.

For the waters listed above, the reference hazards include enteric

pathogens resulting from human or animal fecal contamination as

well as opportunistic pathogens (e.g., Legionella pneumophila ) which

may grow within the collection and distribution systems ( Chapman

et al. 2008; O’Toole et al. 2014 ). In the exposure assessment, the dose

of each reference hazard is estimated while accounting for exposures

from all intended uses (e.g., for domestic use this may include house-

hold and garden exposures) and, for some QMRAs, accidental expo-

sures. Following, the dose is used in a peer reviewed dose-response

relationship to estimate the probability of infection (or illness) per

person exposed. In the final risk characterization, the resulting pre-

dicted risk is compared to a health benchmark either reported as a

probability of infection (or illness) or converted to Disability Adjusted

Life Years (DALYs) (i.e., the sum of years of life lost by premature mor-

tality and years lived with disability ( Murray and Acharya 1997 )). 

QMRA can also be conducted in the reverse order, starting with

a health target, to predict either the tolerable pathogen densities or

pathogen treatment requirements. Using the reverse approach, the

World Health Organization (WHO) and Australian government pub-

lished guidelines for pathogen log 10 treatment reductions of fecal

pathogens (e.g., human pathogenic viruses, protozoa, and bacteria)

for a limited number of reuse applications (see Supporting informa-

tion for more details on the reverse approach used by WHO and oth-

ers) ( NRMMC et al., 20 06, 20 08, 20 09; World Health Organization,

2006b ). In the mentioned guidelines, the treatment reductions cor-

responded to the health benchmark of 10 –6 DALYs per person per

year (ppy). This benchmark is consistent with the WHO Guidelines

for Drinking-Water Quality ( World Health Organization, 2011 ) and

is approximately equivalent to an annual diarrheal risk of infection

of approximately 10 –3 ppy for Rotavirus or Cryptosporidium and 10 −4 

ppy for Campylobacter . 

To identify health-protective pathogen treatment requirements

for onsite non-potable reuse, we reviewed the QMRA literature and

summarized the human health risks associated with the reuse of

onsite-collected waters as well as pathogen treatment reduction tar-

gets. We reviewed both the forward and reverse QMRA literature in

order to: 

1. Identify onsite non-potable reuse scenarios with little or no pre-

vious risk assessment; 

2. Identify onsite non-potable reuse scenarios that may require

pathogen treatment; 

3. Summarize reported treatment reductions that correspond with

the WHO target health benchmark; and 

4. Identify factors that are important for the calculation of pathogen

log 10 treatment reductions for onsite reuse systems, including

gaps in our current understanding. 

Methods 

We conducted a literature review of QMRA publications to iden-

tify assessments of onsite domestic, commercial, and municipal reuse

of alternative waters. Databases included Biological Abstracts, Envi-

ronmental Databases, PubMed, Sci Search, Current Contents, and Wa-

ternet. Search terms included ((“quantitative microbial risk assess-

ment” OR (QMRA and “risk assessment”)) AND (reuse OR re-use OR

recycl ∗) AND (“non-potable water” OR Rainwater ∗ OR stormwater ∗
R graywater OR graywater ∗ OR wastewater ∗ OR “waste water” OR

lackwater ∗)). The findings from the literature review were converted

o median or mean annual probability of infection or illness using

he assumptions and calculations from each individual publication.

enerally, risk was reported for the individual and not over the pop-

lation at large. When risk was reported over the population (e.g.,

nnual infection risk per 10,0 0 0 people in Ahmed et al. (2010b) ),

e used the risk divided by the population to avoid reproducing

ndividual risk estimates. In this case, the risk to specific individ-

als may be higher than the average risk over the population. For

tudies that reported results for numerous sites or scenarios for the

ame exposure scenario, we report the highest and lowest predicted

isk. 

esults 

ummary of non-potable reuse publications 

The literature search returned 46 publications. Forward QMRA

tudies with a focus on centralized systems and industrial or agri-

ultural applications were not reviewed. QMRA studies with unre-

orted pathogen removal were not reviewed. Of those remaining,

on-potable reuse was modeled in 1 study of wastewater/blackwater

 NRMMC et al., 2006 ), 5 of graywater ( Barker et al., 2013a; Deere

t al., 2006; Ottoson and Stenström, 2003; Schoen et al., 2014; World

ealth Organization, 2006b ), 5 of stormwater ( de Man et al., 2014b;

im et al., 2015; NRMMC et al., 2009; Page et al., 2012; Sales-Ortells

nd Medema, 2014 ), 7 of rainwater ( Ahmed et al., 2010b; de Man

t al., 2014a; Fewtrell and Kay, 2007; Lim and Jiang, 2013; NRMMC

t al., 2009; Oesterholt et al., 2007; Schoen et al., 2014 ), and 1 of

eepage water ( Oesterholt et al., 2007 ). Of the studies on non-potable

euse of blackwater and graywater, onsite applications were specifi-

ally addressed or discussed in 0 studies of blackwater and 4 of gray-

ater ( Barker et al., 2013a; Deere et al., 2006; Ottoson and Stenström,

003; Schoen et al., 2014 ). Page et al. (2012) was not included in

he review because it discussed the NRMMC et al. (2009) stormwa-

er QMRA work, but did not present new risk estimates. 

nsite non-potable reuse scenarios ranked by risk 

The results of the QMRA literature review are presented for gray-

ater ( Fig. 1 and Supporting information Table 1), stormwater ( Fig. 2

nd Supporting information Table 2), rainwater ( Fig. 3 and Support-

ng information Table 3), and seepage water ( Fig. 4 and Supporting

nformation Table 4). In Figs. 1–4 , the median or mean log 10 pathogen

eductions are plotted against the corresponding mean or median

nnual probability of infection (or illness), as reported in the orig-

nal studies, for each reference hazard. Multiple predicted risks are

resented for reuse scenarios that have more than one risk assess-

ent (e.g., rainwater reuse for toilet flushing). The mid-range value

i.e., mean or median, as reported) of the log 10 pathogen reductions

s plotted when variable treatment performance was assumed (e.g.,

raywater reuse for irrigation or stormwater reuse for showering),

r, in the case of reverse QMRA, when variability in the pathogen

ose was estimated (e.g., graywater reuse for toilet and garden

se). 

The scenarios with at least one reference pathogen with a re-

orted annual probability of infection greater than 10 −3 ppy; be-

ween 10 −4 and 10 −3 ppy; or less than 10 −4 ppy are listed below.

he reference pathogen with the highest probability of infection (or

ighest required log reduction) for the exposure scenario is listed

n parenthesis. When different levels of treatment were applied to

he reference pathogens in the same exposure scenario, the pathogen

ith the highest risk could not be determined in some cases. 

Scenarios with annual probabilities of infection greater than 10 −3 

py, and ordered with the highest risk first, included: 
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Fig. 1. Pathogen Log 10 treatment reductions for onsite graywater non-potable reuses 

and the corresponding annual probabilities of infection (or illness) per person. Refer- 

ence hazards include: Rotavirus (R), Campylobacter (C), Salmonella (S), Cryptosporidium 

(Cr), Giardia (G), and Norovirus (N). Risk estimates expressed as annual probabilities 

of illness (rather than infection) are indicated by “+”. Accidental ingestion target re- 

duction corresponds with reference hazard “C”. See Supporting information Table 1 for 

references. 

Fig. 2. Pathogen Log 10 treatment reductions for stormwater non-potable reuses and 

the corresponding annual probabilities of infection (or illness) per person. Reference 

hazards include: (A) adenovirus, (N) Norovirus; Rotavirus (R); Campylobacter (C); Cryp- 

tosporidium (Cr); combined Norovirus, Campylobacter , and Cryptosporidium (S1); com- 

bined Norovirus, Campylobacter, Cryptosporidium, Giardia and Enterovirus (S2). Risk esti- 

mates expressed as annual probabilities of illness (rather than infection) are indicated 

by “+”. To avoid overlapping symbols, firefighting symbols are shifted down the y -axis. 

Reference hazards “R” and “C” often have the same predicted target reductions. See 

Supporting information Table 2 for references. 

 

 

 

 

 

 

 

Fig. 3. Pathogen Log 10 treatment reductions for rainwater non-potable reuse and cor- 

responding annual probabilities of infection (or illness) per person. Reference haz- 

ards include: Campylobacter (C), Cryptosporidium (Cr), Legionella (L), Giardia (G), E.coli 

0157:H7 (E), and Salmonella (S). Risk estimates expressed as annual probabilities of ill- 

ness (rather than infection) are indicated by “+”. To avoid overlapping symbols, some 

reference hazards are not presented, and some uses are shifted along the x -axis. Tar- 

get “C” reductions for home/garden, irrigation, and firefighting overlap. See Supporting 

information Table 3 for references. 

Fig. 4. Pathogen Log 10 treatment reductions for seepage water non-potable reuse and 

corresponding annual probability of infection per person. Reference hazards include: 

Campylobacter (C), Cryptosporidium (Cr), Giardia (G), E.coli 0157:H7 (E), and Norovirus 

(N). The original risks reported as “less than”. See Supporting information Table 4 for 

references. 

 

 

 

t

 

 

 

 

 

 

 

• watering homegrown food crops with untreated graywater

( Norovirus ) ( Fig. 1 ) ( Barker et al., 2013a ), 
• irrigation with minimally treated graywater ( Fig. 1 ) ( Rotavirus )

( Ottoson and Stenström, 2003 ), 
• watering homegrown food crops with treated stormwater

( Norovirus ) ( Fig. 2 ) ( Lim et al., 2015 ), 
• accidental ingestion of untreated stormwater (combination of

pathogens) ( Fig. 2 ) ( de Man et al., 2014b ), 
• showering with treated stormwater ( Norovirus ) ( Fig. 2 ) ( Lim et al.,

2015 ), 
• playing in untreated stormwater (combination of pathogens)

( Fig. 2 ) ( Sales-Ortells and Medema, 2014 ), 
• accidental ingestion of minimally treated graywater ( Campylobac-

ter) ( Fig. 1 ) ( Ottoson and Stenström, 2003 ), 
• watering homegrown food crops with untreated rainwater

( Salmonella and Giardia ) ( Fig. 3 ) ( Lim and Jiang, 2013 ), and 

• showering with highly treated rainwater ( Cryptosporidium )

( Fig. 3 ) ( Schoen et al., 2014 ). 

Scenarios with the highest reported annual probabilities of infec-

ion (or illness) between 10 −4 and 10 −3 ppy included: 

• toilet flushing and garden use of treated graywater ( Rotavirus )

( Fig. 1 ) ( Deere et al., 2006 ), 
• toilet flushing with treated stormwater ( Norovirus ) ( Fig. 2 ) ( Lim

et al., 2015 ), 
• municipal irrigation with treated stormwater ( Rotavirus and

Campylobacter ) ( Fig. 2 ) ( NRMMC et al., 2009 ), 
• toilet flushing, laundry use, watering food crops, and garden ir-

rigation with treated stormwater ( Rotavirus and Campylobacter )

( Fig. 2 ) ( NRMMC et al., 2009 ), 
• firefighting with treated stormwater ( Rotavirus and Campylobac-

ter ) ( Fig. 2 ) ( NRMMC et al., 2009 ), 
• municipal irrigation with untreated rainwater ( Campylobacter )

( Fig. 3 ) ( NRMMC et al., 2009 ), 
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Table 1 

Pathogen treatment reductions that correspond with an annual probability of infection (or illness) between 10 −4 and 10 −3 ppy for non-potable reuse. 

Water Scale a , b Log 10 Reductions e 

S M L Pathogens c , d Use 0 1 2 3 4 5 6 Reference 

Wastewater X R, C, Cr firefighting X ( NRMMC et al. 2006 ) 

X R, C, Cr home and garden X 

X R, C, Cr municipal irrigation X 

Graywater X R, C, Cr toilet and garden X X X ( Deere et al. 2006 ) 

X Cr irrigation X ( Ottoson and Stenström 2003 ) 

Stormwater NA R, C, Cr home and garden X ( NRMMC et al. 2009 ) 

R, C, Cr firefighting X 

R, C, Cr municipal irrigation X 

N toilet X ( Lim et al. 2015 ) 

Rainwater NA C home and garden X ( NRMMC et al. 2009 ) 

C firefighting X 

C municipal irrigation X 

E shower X ( Schoen et al. 2014 ) 

a Scale describes the assumptions used to characterize the pathogen density: small (S) is single household, medium (M) is multi-home systems, large (L) is community-wide. 
b NA is not applicable. 
c R is Rotavirus , C is Campylobacter , Cr is Cryptosporidium, N is Norovirus, E is E. coli O157:H7. 
d Rotavirus reductions are displayed (instead of C or Cr) for wastewater, graywater, and stormwater. 
e Log 10 Reductions column X represents target reductions in a range X ≤ Log 10 Reductions < X + 1. A range of reduction is due to various scenarios assumed for pathogen density. 
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h  
• toilet flushing, laundry use, watering food crops, and garden irri-

gation with untreated rainwater ( Campylobacter ) ( Fig. 3 ) ( NRMMC

et al., 2009 ), and 

• firefighting with untreated rainwater ( Campylobacter ) ( Fig. 3 )

( NRMMC et al., 2009 ). 

The target pathogen reductions that corresponded with the health

benchmark of an annual probability of infection (or illness) between

10 −4 and 10 −3 ppy (corresponding to 10 –6 DALYs ppy) for onsite non-

potable reuse scenarios are summarized in Table 1. 

Scenarios with the highest reported annual probabilities of infec-

tion (or illness) less than 10 −4 ppy included: 

• outside hose use with untreated rainwater ( Giardia ) ( Fig. 3 )

( Ahmed et al., 2010b ), 
• toilet flushing with untreated rainwater ( Giardia ) ( Fig. 3 ) ( Fewtrell

and Kay, 2007; Oesterholt et al., 2007 ), 
• toilet flushing, laundry use, watering food crops, and garden irri-

gation with treated seepage water (cannot be determined) ( Fig. 4 )

( Oesterholt et al., 2007 ), and 

• toilet flushing and outside hose use with highly treated graywater

( Norovirus and Campylobacter ) ( Fig. 1 ) ( Schoen et al., 2014 ). 

Discussion 

Onsite non-potable reuse scenarios with little or no previous risk 

assessment 

We found no studies that estimated the pathogen risk associ-

ated with the onsite non-potable reuse of blackwater; however, there

was guidance on pathogen treatment requirements for the reuse of

wastewater from centralized collection systems ( NRMMC et al., 2008;

World Health Organization, 2006a ). 

Onsite non-potable reuse scenarios that may require pathogen 

treatment 

Pathogen treatment reductions have already been proposed for

stormwater reuse for home and garden, municipal irrigation, and

firefighting ( Table 1 ) with a pathogen reduction target greater than

zero to achieve an annual probability of illness of approximately 10 −3 

ppy. In addition, reuse scenarios that included consumption of home-

grown food crops watered with untreated graywater, irrigation with

minimally treated graywater, or the accidental ingestion of mini-

mally treated graywater had predicted annual risks greater than 10 −3 
py ( Barker et al., 2013a; Ottoson and Stenström, 2003 ). Presuming

hat onsite-collected, untreated blackwater has pathogen densities as

igh as those in untreated graywater, annual risks greater than 10 −3 

py apply to the same exposure routes for untreated blackwater as

ell. If the health benchmark is equivalent to an annual risk of 10 −3 

py, then all onsite graywater reuse schemes that include watering

f homegrown food crops, irrigation, or accidental ingestion should

equire pathogen treatment based on the reviewed QMRA estimates

f risk. 

There was a range in predicted risk from ingestion of rainwater.

he predicted annual probability of infection for ingestion of un-

reated rainwater through homegrown food crop consumption was

reater than 10 −3 ppy ( Lim and Jiang, 2013 ) for reference pathogens

almonella and Giardia as well as showering with highly treated rain-

ater considering Cryptosporidium ( Schoen et al., 2014 ); however, the

redicted annual probability of infection for ingestion of untreated

ainwater through showering was less than 10 −3 ppy for reference

athogens Legionella, Giardia , and Salmonella ( Ahmed et al., 2010b )

nd for various uses for Campylobacter ( NRMMC et al., 2009 ). 

The range in predicted risk for rainwater exposures may partially

e due to differing assumptions about input parameters such as vol-

me ingested (e.g., Ahmed et al. (2010b) assumed a daily shower con-

umption of 8.4 × 10 −7 L while Schoen et al. (2014) assumed 1.9 ×
0 −3 L). The differences in risk are also likely a result of different char-

cterizations of pathogen density and occurrence as a result of natu-

al variability across locations (e.g. different characterizations for Le-

ionella and Giardia in Ahmed et al. (2010b) vs. Schoen et al. (2014) ).

inally, lack of data also likely adds to the differences in prediction.

or example, Schoen et al. (2014) assumed that Cryptosporidium den-

ities in rooftop-collected rainwater were the same as natural wa-

ers due to lack of data. For the Australian guidelines, the rainwater

ampylobacter density was estimated assuming that rainwater had

he same fecal indicator to pathogen ratio as wastewater ( NRMMC et

l., 2009 ). So, although Australian reuse guidelines recommend that

ero log 10 reductions are required for various municipal and domes-

ic reuses of rainwater, there was not consensus among the various

ainwater QMRAs that the non-potable reuse of untreated rainwater

as annual risks less than 10 −3 ppy. 

reatment reductions that correspond with a health benchmark for 

nsite non-potable reuse 

We found target pathogen reductions that corresponded with the

ealth benchmark of an annual probability of infection (or illness)
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etween 10 −4 and 10 −3 ppy (corresponding to 10 –6 DALYs ppy) for

 limited set of onsite non-potable reuse scenarios (summarized in

able 1 ). The scenarios included toilet and garden use of treated gray-

ater collected from handbasins and sinks ( Deere et al., 2006 ); ir-

igation with minimally treated graywater ( Ottoson and Stenström,

003 ); and firefighting, municipal irrigation, and the combination of

oilet flushing, laundry use, watering food crops, and garden irriga-

ion with treated stormwater ( NRMMC et al., 2009 ). However, the

tormwater QMRA performed by Lim et al. (2015) using Norovirus

s reference pathogen indicated that much higher log 10 reductions

ould be required than proposed by NRMMC et al. (2009) for home

se. There was a set of target reductions for reuse of rainwater, but

nly one pathogen was considered, Campylobacter , and the rainwa-

er pathogen density was estimated assuming that rainwater had the

ame fecal indicator to pathogen ratio as wastewater ( NRMMC et al.,

009 ). Also, a rainwater QMRA performed by Schoen et al. (2014) us-

ng E. coli O157:H7 as reference pathogen indicated that much higher

og 10 reductions would be required than proposed by NRMMC et al.

2009) for shower use. Seepage water was not included in Table 1

ecause we found no studies that estimated target pathogen reduc-

ions correspond with the selected health benchmark. Table 1 also

ncludes the pathogen reduction recommendations for non-potable

euse of wastewater from large, municipal systems. 

Mara et al. (2010) criticized the 10 –6 DALYs ppy benchmark

s too strict for scenarios where more risk may be acceptable. A

ore lenient tolerable disease burden would result in less stringent

athogen treatment requirements. For a less strict health benchmark,

ay greater than an infection risk of 10 −3 ppy, we found no stud-

es with pathogen reduction targets for a complete suite of reference

athogens (e.g., virus, bacteria, and protozoa). If a more strict health

enchmark is of interest, we found log reductions that corresponded

ith low risk scenarios (e.g., seepage water in Oesterholt et al. (2007)

r graywater in Schoen et al. (2014) ). 

ommon factors that affect the pathogen treatment requirements 

There were numerous common factors that affected the predicted

athogen log 10 reductions across scenarios and water types in the

apers reviewed. The most obvious factors were water source, refer-

nce pathogen, and exposure route. With regard to water source, the

ustralian guidelines suggested a 2.4 log 10 reduction of Campylobac-

er for the reuse of stormwater in the home and a 0.0 log 10 reduction

f Campylobacter for the reuse of rainwater in the home (Supporting

nformation Tables 2 and 3) ( NRMMC et al., 2009 ). Given that all the

ther input parameters were the same, the difference in the pathogen

reatment requirements was due to the differences in pathogen oc-

urrence and density between stormwater and rainwater. 

The importance of pathogen density and occurrence was high-

ighted in many studies that predicted risk, rather than target

athogen reductions ( Barker et al., 2013a; Deere et al., 2006; de Man

t al., 2014b ). For graywater reuse, Barker et al. (2013a) compared

he predicted risk from consumption of homegrown crops watered

ith onsite graywater collected from laundry and bathrooms. The dif-

erence between predicted Norovirus density in graywater collected

rom laundry (median of 8.3 × 10 −2 no. mL −1 ) and that collected

rom bathrooms (median of 4.7 × 10 −4 no. mL −1 ) resulted in a higher

redicted annual risk of infection for the reuse of laundry graywa-

er (median range of 2.6 × 10 −1 –8.9 × 10 −1 ppy) than the collected

athroom graywater (median range of 2.8 × 10 −3 –2.3 × 10 −2 ppy)

Supporting information Table 1). For rainwater reuse, de Man et al.

2014b) compared the risk resulting from the ingestion of rainfall-

enerated surface runoff from 5 different sites, each with a separate

haracterization of pathogen density and ingestion volume. The re-

ulting predictions of event risk of infection for adults ranged from 0

o 2.1 × 10 −3 (Supporting information Table 2). These studies high-
ighted the impact of the variability in pathogen density and occur-

ence among water types and locations on predicted risk. 

The selection of reference pathogen was also important in the

alculation of the recommended log 10 reductions. The reference

athogens used in the reviewed studies included: for graywa-

er, Cryptosporidium, Rotavirus, Norovirus, Campylobacter, Salmonella ,

nd Giardia ; for stormwater, adenovirus, enteroviruses, Cryptosporid-

um, Rotavirus, Norovirus, Campylobacter, L. pneumophila, and Giar-

ia; f or rainwater, Cryptosporidium, Campylobacter, E. coli O157:H7,

almonella, L. pneumophila, and Giardia; and for seepage water, Cryp-

osporidium, Rotavirus, Norovirus, Campylobacter, E. coli O157:H7, and

iardia. Given the different treatment levels applied and different

odeling assumptions across studies, it was difficult to explicitly

ank the pathogens in terms of importance for each water type. How-

ver, the viruses, Norovirus and Rotavirus , had either relatively higher

redicted risks or required larger pathogen reductions across stud-

es and exposure routes for graywater (Supporting information Ta-

le 1) ( Barker et al., 2013a; Deere et al., 2006; Ottoson and Stenström,

003 ), and Norovirus, Rotavirus and Campylobacter required relatively

arger pathogen reductions across exposure routes for stormwater

Supporting information Table 2) ( Lim et al., 2015; NRMMC et al.,

009 ). 

With regard to exposure route, the NRMMC et al. (2009) results

howed a difference in the predicted log 10 reduction for different ex-

osure routes using the same pathogen and water source; for ex-

mple, firefighting with stormwater required a 0.2 and 1.3 higher

athogen reduction than required for home use and municipal irri-

ation when assuming the same reference pathogens (i.e., Rotavirus,

ampylobacter , and Cryptosporidium ) (Supporting information Table

). A similar trend was reported by NRMMC et al. (2006) for the same

xposure routes of centrally collected wastewater ( Table 1 ). These dif-

erences were due to the volume of water ingested per event and the

requency of exposure. There was also evidence of the importance of

xposure volume and frequency from the studies that predicted risk,

ather than target pathogen reductions. de Man el at. (2014a) showed

ifferences in predicted risk between adults and children due to dif-

erent ingested volumes of urban stormwater and contact exposure

ime (Supporting information Table 2). de Man et al. (2014a) also

emonstrated through sensitivity analysis that increased frequency

f exposure resulted in increased annual predicted risk for adults

nd chlidren. Lim and Jiang (2013) showed through sensitivity anal-

sis that variations in the consumption rate of crops and pathogen

oncentration were equally significant in predicting infection

isk. 

A less obvious factor that was also important in the calculation

f target pathogen reductions was the inclusion of intentional or

nintentional misuse of treated water that results in large inges-

ion volumes. Deere et al. (2006) reported higher treatment require-

ents when misuse or accidental events (i.e. cross-connection of

on-potable water with potable water) were considered in the cal-

ulation of the pathogen log 10 reduction (Supporting information

able 1). 

There are a number of issues that may be important in the calcula-

ion of target pathogen reductions, but have not been thoroughly ex-

lored in the reviewed studies. Although the importance of the vari-

bility in pathogen density and occurrence among water types and

ocations was identified, there remains disagreement as to the best

pproach to characterize or estimate the pathogen density and occur-

ence when data is scarce or missing. Multiple approaches for charac-

erizing pathogen density without observations have been discussed

or graywater ( Deere et al., 2006; O’Toole et al., 2014 ) and wastewater

 Barker, 2014; Keuckelaere et al., 2015 ). In general, pathogen densities

an be estimated using: (1) a ratio of the densities of fecal indicators

o pathogen, or (2) an estimate of the incidence of pathogen illness in

he population to estimate the occurrence of the pathogen in the col-

ected waters in combination with an estimate of the density of fecal
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contamination in the collected waters. Barker et al. (2013a) compared

the predicted Norovirus density in bathroom water using two alterna-

tive approaches, one based on disease incidence and the other based

solely on fecal indicators, and the fecal indicator approach resulted

in higher risk estimates. When pathogen density observations in-

clude non-detections, Lim et al. (2015) employed a left-censored data

regression technique (Tobit regression) to characterize stormwater

pathogen density, and Lim and Jiang (2013) used a two-step process

to characterize pathogen density in rainwater using an estimate of the

pathogen occurrence in rainwater based on the non-detection rate

and a distribution of pathogen density using the detected pathogen

densities. 

Another potental important factor is the influence of scale on the

pathogen density and occurrence. Again, we are not aware of any

studies that estimated changes in target pathogen reductions for non-

potable reuse due to changes in scale. However, Barker et al. (2013b)

demonstrated that the pathogen density may be extremely high in

onsite blackwater collection systems during times of outbreak, and

more treatment may be required to meet acceptable levels of risk for

potable reuse than required for centrally collected systems. This find-

ing suggests that the maximum expected pathogen density maybe

inversely related to the number of people contributing to a collection

system for graywater and blackwater reuse. Further quantification of

the importance of scale is needed. 

A separate, but potentially important, issue is the method of

calculating the log reductions. The Supporting information details

the steps for three reverse methods from the reviewed papers,

two are deterministic and one is stochastic. The deterministic ap-

proaches estimate the tolerable pathogen density for a scenario,

either assuming multiple identical exposure events (World Health

Organization 2006) or accumulating the pathogen exposures into

an annual dose and exposure volume ( NRMMC et al., 2006 ). The

stochastic approach proposed by Barker et al. (2013b) incorporates

variability in the characterization of Norovirus density, number

of exposure events throughout the year, disease burden per case

of illness, volume of exposure, and susceptible fraction . Barker et

al. (2013b) compared the predicted log 10 reductions for potable

reuse of centralized wastewater using the simple, deterministic

reverse approach and the stochastic reverse method. The 95th

percentile of the log 10 reduction distribution using the full stochas-

tic approach for Campylobacter of 7.4 was less than the reduction

of 7.7 using comparable inputs and the deterministic, simple

approach. 

A limitation of the reverse approaches is that all the events over

the course of one year are assumed identical. We are not aware of

any studies that compared the log reductions estimated using a re-

verse approach (with assumed identical events over the course of

a year) with an alternative approach to account for the sporadic

and variable pathogen density across events for the reuse of onsite

waters. 

Finally, we are not aware of any studies that estimated changes in

target pathogen reductions due to changes in the health benchmark;

however, using the methods commonly reported and described in the

Supporting information, a decrease/increase in the health benchmark

would result in a decrease/increase in the required log reductions.

The change in the target pathogen reduction is not necesarily lin-

ear, but determined by the dose-reponse relationship of the reference

pathogen. 

The above factors are potentially important in the calculation of

the pathogen log 10 reductions for all (or most) onsite, non-potable

reuse scenarios. Other factors, that are unique to either each water

source or exposure route, have been identified and may also require

additional research to inform the estimation of pathogen log 10 re-

ductions (e.g. fraction of infectious pathogens in rainwater ( Ahmed

et al., 2011; Schoen et al., 2014 ) or pathogen persistence on food crops

( Keuckelaere et al., 2015 )). 
ecommendations for the calculation of target pathogen reductions for 

nsite systems 

This review identified a lack of available target pathogen log 10 re-

uctions for non-potable, onsite reuse of graywater, blackwater, and

eepage water, and conflicting evidence about the level of treatment

equired to be health protective for stormwater and rainwater. This

eview also identified numerous onsite exposure scenarios that were

ssociated with risk levels, as determined by QMRA, above the tradi-

ional health benchmarks. Given these findings, there remains a need

or additional QMRA to inform the selection of pathogen reduction

argets that are health-protective for non-potable reuse of onsite-

ollected waters. 

Future QMRA efforts to estimate target pathogen treatment re-

uctions could be conducted using the reverse approaches outlined

n the Supporting information and verified by an iterative forward

pproach where the pathogen reduction is changed until the health

enchmark is met. A forward approach would allow the inclusion of

actors either missing or difficult to incorporate in the reverse ap-

roach such as sporadic and variable pathogen occurrence and den-

ities, variation in pathogen dose over time, and occasional system

isuse or failure events. 

To avoid drafting new guidance, decision makers may look to-

ard guidance developed for conventionally-collected and treated

astewater as a starting point (see Table 1 ) ( NRMMC et al., 2006;

RMMC et al., 2009; World Health Organization, 20 06a, 20 06b ).

or reuse of rainwater and stormwater, the conventionally col-

ected and treated wastewater reductions may be too restrictive

see Table 1 ). However, the opposite may be true for blackwater.

he pathogen density may be extremely high in onsite blackwater

ollection systems during times of outbreak, and more treatment

ay be required to meet acceptable levels of risk than required for

entrally-collected systems ( Barker et al. 2013b ). Overall, there re-

ains a need for additional QMRA to evaluate the importance of

he characteristics of onsite systems in the prediction of pathogen

reatment reductions including scale and pathogen density and

ccurrence. 
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